Rare-earth-doped fibers, such as Er 3+ -and Yb 3+ -doped aluminosilicates can be advantageous in space-based systems due to their stability, their high-bandwidth transmission properties and their lightweight, small-volume properties. In such environments the effect of ionizing-radiation on the optical transmission of these fibers is of paramount importance. For the present work, gamma-radiation experiments were conducted in which un-pumped Yb 3+ and Er 3+ doped sample fibers were irradiated with a Cobalt-60 source under different dose-rate and temperature conditions. In-situ spectral transmittance data over the near IR was monitored during the irradiations for total doses of up to tens of krad (Si). It was found that there was a dose-rate dependence in which higher rates resulted in more photodarkening. Higher temperatures were not found to significantly affect the rate of photodarkening at the dose rates used.
INTRODUCTION

Fibers doped with rare-earth ions such as erbium 3+ (Er
3+
) and ytterbium 3+ (Yb 3+ ) allow for the design of rugged, monolithic optical systems with a high bandwidth, excellent beam quality, and the possibility for high-power applications [1] [2] [3] [4] [5] [6] . Er 3+ -doped fibers are the most important fiber amplifier in telecommunication due to the ability to amplify signals at the minimum silica absorption wavelength of 1.5 µm [6] [7] [8] . Fiber amplifiers doped with Yb 3+ , which can amplify signals near 1.06 µm, experience reduced effects of concentration quenching due to ion-ion interactions, have a low probability for excited state absorption, and can reach a higher electrical-to-optical conversion efficiency than Er 3+ -doped amplifiers 9, 10 . High reliability and small volume make these fibers desirable for applications situated in ionizingradiation environments, and their low weight provides additional incentive for the development of these fibers for spacebased systems [11] [12] .
It is well known that radiation in low-Earth orbit (LEO) arises from a number of sources including solar events, cosmic rays, and particles trapped in the Van Allen belts 13, 14 . For optical materials the radiation sources of primary concern are high energy particles and gamma rays, as these can lead to the formation of color centers (or absorbing centers) in the materials [15] [16] [17] [18] [19] [20] which negatively impact fiber performance [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Determination of the radiation response of these rare-earth-doped fibers, therefore, is central to the design of optical systems for use in harsh radiation environments, as these fibers are often the most radiation-sensitive part of an amplifier system 11, 29 . The decrease in optical transmittance of doped fibers with respect to ionizing-radiation dose and dose rate has been described by a power law [16] [17] [18] [19] [20] . Factors affecting the radiation-induced loss observed in doped fibers include the exact type of ionizing radiation, methods of fiber fabrication, total absorbed dose, rare-earth dopant and co-dopant concentrations, as well as temperature and dose rate 8, 23, 26, 30, 33, 36, [40] [41] [42] .
Experiments were conducted to provide insight into the effect of elevated temperatures and varying dose-rates on the rate of photodarkening. Spectra over the near-infrared (1.0 µm to 1.6 µm) were recorded for fibers doped with Er 3+ and Yb 3+ for different irradiation times from a Co 60 source leading to total accumulated doses up to tens of krad (Si). All tests were passive as no pumping of the fibers took place. -doped fiber was investigated, where the first number designates the nominal peak absorption at 1530 nm in the core in dB/m, and the second and third numbers denote the core and cladding diameters respectively in µm. In addition, one Yb 3+ -doped fiber was tested with the designation Yb1200-4/125, with similar naming convention, except with the peak absorption specified at 976 nm. All fibers were fitted with SMA connectors (Coastal Connections) to facilitate connections to other fibers and test equipment.
EXPERIMENT
Dose-rate and temperature effects on the gamma-radiation-induced photodarkening were investigated using the experimental setup shown in Figure 1 . The individual array elements making up the Co 60 source were arranged on a platform, which was raised out of a pool of water into the cell during testing. For the experiments examining dose-rate dependencies, the rare-earth-doped test fibers were spooled and mounted vertically facing the source, to provide uniform irradiation. The individual test fibers were placed at different distances from the source to provide different dose rates ranging from 8.9 rad(Si)/s to 33.4 rad(Si)/s. Data from four CaF 2 thermoluminescent devices (TLDs) on each spool were averaged to give an indication of the total accumulated dose as well as the dose rate received by each fiber at the various experiment locations within the test cell, while thermocouples were used to monitor sample temperatures throughout the experiment.
Outside of the test cell, broadband reference light from a 75 W xenon arc lamp (Oriel Model 6263) was coupled into a set of delivery fibers by means of collimating optics. The delivery fibers, which carried the optical signal into and out of the test chamber, were SMA connectorized and were standard low-OH silica fibers (Ocean Optics P100-10-VIS/NIR) with a relatively flat transmission spectrum in the near infrared. Special radiation-hard fibers could not be used due to higher OH levels, which introduced unwanted absorption in the wavelength region of interest. Half of the delivery fibers were connected to the ends of spooled, doped test fibers within the test cell. Light coupled into these delivery fibers traveled into the test cell, through the spooled rare-earth-doped test fibers, and then back out of the test cell via the set of return delivery fibers to the diagnostic equipment. These fiber lines constituted the test channels. The other half of the delivery fibers ran in pairs alongside the test-fiber lines, but the input and output fiber pairs were directly connected to one another inside the test cell (i.e.: the segment of doped, test fiber was absent from the fiber line), constituting background channels. Data collected from the background channels in this way was used to evaluate any changes in the transmission signals of the test-fiber lines attributable to losses incurred in the delivery fibers themselves (rather than in the spools of doped fiber). A time-dependent comparison of the spectral signal data with the spectral background data allowed for a direct analysis of gamma-induced losses in the rare-earth-doped fibers under test with the background removed. Data from multiple fiber lines were collected by sampling the fiber outputs sequentially using 1:9 fiber switches (Piezosystems Jena). Transmission spectra were collected on each fiber approximately once per minute, and the effect of radiation-induced optical photodarkening was monitored over a 10 -20 min period by recording the temporal decrease in the transmittance of the xenon reference light over a broad wavelength window (~1.0 µm to ~1.6 µm) using an optical spectrometer (Ocean Optics NIR 512). In addition, as the fiber samples varied in length, all transmission data were normalized to a standardized 1.0 meter fiber length using a standard Beer's law formalization. Experimental configuration for test fibers located in gamma test chamber (GIF-A) at Sandia National Laboratories, NM, for radiation exposure studies. Broadband optical radiation from a xenon arc lamp, located outside the test chamber, was coupled into a set of standard SiO 2 delivery (background) fibers. Delivery fibers entered the test chamber through access ports and coupled light into the test fibers located inside the gamma test chamber. The transmission spectrum over the wavelength range of 1000 nm to 1600 nm, was monitored at 1 min. intervals throughout the gamma exposure for each test and/or background fiber. An Ocean Optic NIR 512 spectrometer was used to monitor spectral data.
The experiments investigating the effect of temperature were conduced similarly to the experiments investigating the dose-rate dependencies as described above, except that the test fiber samples were coiled into milled grooves in aluminum blocks and held in place with a glass cover plate. For these studies, the distances from the fiber mounts to the radiation source was kept constant to deliver dose-rates on the order of 32.5 rad(Si)/s. As in the dose-rate experiments, the fibers in their respective blocks were mounted vertically to assure uniform irradiation. The blocks were heated by cartridge heaters connected to a controller located outside of the test cell and the temperature for the controller was monitored via thermocouples. Elevated temperatures of 50°C, 75°C, and 100°C were used in the testing. Samples were heated and their temperatures were allowed to stabilize prior to the gamma irradiations and sample temperatures were monitored throughout the experiments. Typical temperature variations of less than 2°C were observed during the tests. In addition to the dose-rate and temperature experiments described, samples of the Er 3+ -and Yb
3+
-doped fibers were heated to a temperature of 100°C at dose-rates of approximately 16.5 rad(Si)/s to give information on the combined effects of temperature and dose-rate variations. Results for the experiments are summarized below.
RESULTS AND DISCUSSION
The various rare-earth-doped sample spectra collected at different irradiation times were normalized to the preirradiation spectrum, and then divided by the corresponding normalized spectra of the background channel to obtain a useful representation of the data. Figure 2 shows examples of the processed data from an Er16-8/125 and a Yb1200-4/125 fiber. The figure displays fiber transmittances over the near-infrared, with Figure 2 The Er16-8/125 type fiber was examined for dose-rate dependence at room temperature. Figure 3 shows three of the aforementioned Er 3+ -doped fibers plotted at fixed total accumulated radiation doses under different dose rate conditions. As previously reported, a general trend is observed in which higher dose-rates lead to more photodarkening than the lower dose rates 21, 22 . It should be noted that certain regions of the spectrum, e.g. below 1100 nm and the peak just below 1300 nm, experience only little dose-rate dependence, while other regions show a much higher dependence on dose-rate, as for example the region from 1400 nm to just below 1500 nm. Examining the behavior of photodarkening at a constant dose-rate over various total accumulated doses at different temperatures gives insight into the temperature dependence of the radiation-induced loss. Figure 4 shows samples of the (a) Er16-8/125 and the (b) Yb1200-4/125 type rare-earth-doped fibers irradiated at the temperatures 50°C, 75°C, and 100°C. For the Er16-8/125 fiber a room temperature curve was also included. Of the wavelengths that were investigated the most reliable trends were found in the low noise regions, which were situated below 1100 nm for the Er 3+ -doped fibers and primarily encompassed the region between 1100 nm and 1300 nm for the Yb 3+ -doped fibers. At the total accumulated radiation doses used, the temperature was not found to significantly affect the photodarkening, but trends could be observed in some of the fibers, the Er16-8/125 fiber showing the strongest trend, with higher temperatures led to increased rates of photodarkening. A similar trend is also observed in the Yb 3+ -doped samples, but the differences in optical transmittances between the samples exposed to the three temperatures was not found to be as large as in the aforementioned Er The combined effect of temperature and dose-rate on gamma-radiation-induced photodarkening was investigated in further experiments. The results are plotted in Figure 5 and show that at the elevated temperature of 100°C the Er16-8/125 fiber in (a) still exhibits a weak dependence in which the higher dose-rate leads to increased photodarkening, while the Yb1200-4/125 fiber in (b) shows a reverse dose-rate dependence and exhibits increased photodarkening at lower dose-rates. For the latter type of fiber these effects are seen across the spectrum from below 1100 nm up to 1700 nm. The fibers thus clearly exhibit two distinct dose-rate dependencies that affect the rate of gamma-radiation-induced photodarkening. At low temperatures, a direct positive correlation was observed in all samples between increasing photodarkening rate and increasing dose-rate of exposure. By contrast, at elevated temperatures of 100°C Er 3+ -doped samples exhibited this trend while the Yb 3+ -doped samples showed a decrease in photodarkening rate with increasing dose-rate of exposure. Similar effects have been seen in pure silica fibers 43 and are attributed to the propensity for colorcenter annealing at elevated temperatures in certain composition types. 
CONCLUSION
The dose-rate and temperature dependence on gamma-radiation-induced photodarkening was investigated to give insight into the performance of rare-earth-doped optical fibers in ionizing radiation environments such as space. -doped fiber (Yb1200-4/125) from Liekki were irradiated with a Co 60 source. The fibers were exposed to the gamma radiation under different dose-rates and at elevated temperature conditions. It was found that the all of the samples tested experienced significant losses due to photodarkening in the near-infrared wavelength region tested. At room temperature, higher dose-rates were found to increase the rate of photodarkening in comparison to lower dose-rates, in agreement with results obtained in previous experiments 21, 22 . The elevated temperature data did not show strong dependencies at most wavelengths, but in the low noise spectral regions some trends could be observed. The Er16-8/125 and the Yb1200-4/125 fibers both showed a temperature dependence in which the higher temperatures led to more photodarkening than the lower temperatures (for a given, fixed dose rate), with the effect being more pronounced in the latter materials.
The experiments conducted at an elevated temperature of 100°C and varying dose-rates showed that the Er16-8/125 fiber maintained its dose-rate dependence in which larger dose-rates lead to more photodarkening than lower dose-rates, while the Yb1200-4/125 exhibited the reverse dose-rate dependence resulting in lower dose-rates inducing greater losses than higher dose-rates. This effect highlights the importance the interaction between temperature and dose-rate and shows that the particular dose-rate dependence, i.e. higher or lower rates of photodarkening given a high or low doserate, is affected by the absolute dose-rate, the temperature, as well as the fiber composition. It is thus clear that the design of any rare-earth-doped fiber-based optical system operating in ionizing-radiation environments, such as space, requires that the aforementioned factors be taken into account when estimating the effect of photodarkening on the system.
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